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Abstract Inland waters organic carbon (OC) burial by sedimentation has recently been shown to be an
important component in river catchment carbon (C) budgets. However, data on OC burial by sedimentation
are hitherto largely limited to temperate zones. We investigated the deposition and fate of sediment-associated
OC in the ﬂoodplains of the tropical lowland Tana River (Kenya), between twomain gaging stations (Garissa and
Garsen). Freshly deposited surface sediments and sediment cores were sampled and analyzed for OC, total
nitrogen content, stable isotope signatures (δ13C) of OC, and grain size distribution. In addition, we incubated
sediment cores to quantify CO2 production as a proxy for OC mineralization. While the ﬂoodplain receives
sediment with a relatively low OC content (1.56± 0.42%), sediments are enriched with OC inputs from
ﬂoodplain vegetation to levels above 3%. Sediment cores show a sharp decrease of OC with depth, from 3 to
12% OC in the (sub) surface to less than 1% OC below approximately 60 cm depth. Relatively elevated OC
mineralization rates (0.14± 0.07mol. CO2 kgC
1 d1) were recorded. We used these data to make a ﬁrst
assessment of the C burial efﬁciency of the Tana River ﬂoodplain. In contrast to what is observed in temperate
environments, over 50% of C present in the top layers is lost in less than a century. While signiﬁcant amounts
of OC are buried in the Tana River ﬂoodplain, the high rates of postdepositional loss limit the development
of a long-term C sink within this tropical ﬂoodplain.
1. Introduction
Rivers are the main link between the terrestrial and oceanic realm; they do not only globally export circa
20Gt yr1 of sediments but also circa 1Gt carbon (C) yr1 from the land to the oceans [Schlünz and
Schneider, 2000; Lal, 2003; Cole et al., 2007]. However, rivers do not only transport C, a signiﬁcant fraction of
the total C that enters the rivers from land is outgassed [Borges et al., 2015; Hotchkiss et al., 2015]. Another
signiﬁcant loss term in the ﬂuvial network is the deposition of sediments containing organic carbon (OC)
in ﬂoodplain environments [Hunsinger et al., 2010]. Within-river photosynthesis, on the other hand, may lead
to the “production” of additional OC.
Floodplains are recognized as important sites of sediment and C storage within ﬂuvial networks [e.g., Hoffman
et al., 2009] and ﬂuvial geomorphologists recognize that there can be a long (millennial) delay between upland
erosion of bulk materials and the discharge of those materials from large river basins to the ocean due to ﬂood-
plain buffering [e.g.,Meade, 1996; Dearing and Jones, 2003]. The OC that is deposited with sediments may there-
fore be stored for several centuries, if notmillennia in ﬂoodplain environments. Studies in the colluvial and alluvial
stores in temperate environments suggest that OCmay indeed be preserved over considerable periods but that a
large fraction of the buried OC will eventually be mineralized [Galy et al., 2007; Rommens et al., 2006; Van Oost
et al., 2012]. This mineralization process may take a long time. In loess environments in Belgium, for example,
~50% of the OC that is buried is lost over a period of circa 350 year [Van Oost et al., 2012; Wang et al., 2015].
The studies above have tried to quantify the role of depositional environment as sinks of OC in temperate envir-
onments, but information on tropical environments is still limited. Tropical environments differ fundamentally
from their temperate counterparts, as they experience higher average temperatures and distinct dry and wet
seasons. This may cause these depositional environments to be subjected to much more intense wetting
and drying cycles than is the case in temperate environments. These differences may have fundamental effects
on the OC mineralization-preservation balance in buried sediments. For example, while higher temperatures
will generally lead to increased turnover rates, the alternation of wet and dry states may limit it, given that
moisture is a prerequisite for efﬁcient OC mineralization.
OMENGO ET AL. ORGANIC CARBON IN A TROPICAL FLOODPLAIN 1
PUBLICATIONS




Carbon and Nitrogen Fluxes at
the Land-Ocean Interface
Key Points:
• Substantial sediment organic carbon
(OC) trapped in ﬂoodplain
• Deposited sediment OC poor,
postdeposition OC enrichment occurs









Omengo, F. O., N. Geeraert, S. Bouillon,
and G. Govers (2016), Deposition and
fate of organic carbon in ﬂoodplains
along a tropical semiarid lowland river
(Tana River, Kenya), J. Geophys.
Res. Biogeosci., 121, doi:10.1002/
2015JG003288.
Received 26 NOV 2015
Accepted 28 MAR 2016
Accepted article online 1 APR 2016
©2016. American Geophysical Union.
All Rights Reserved.
In order to garner an accurate global assessment of the role of ﬂoodplain in C burial, it is important to have
information on tropical environments. Here we present a study on C deposition and burial in the Tana River, a
tropical river system located in Kenya. The lower Tana River has extensive ﬂoodplains and it has been sug-
gested that substantial quantities of sediments and OC are retained within the system [Tamooh et al., 2014].
The main objective of the study was to quantify deposition rates and post sedimentation dynamics of OC
within the ﬂoodplains of Tana River. We focus on a ﬂoodplain reach between two gauging stations
(Garissa and Garsen), which has very limited inﬂow from tributaries and at the same time experiences semi-
annual ﬂooding and sediment deposition cycles. We explore the delivery of ﬂuvial transported sediment and
OC to the ﬂoodplain, postdepositional processes, changes in OC concentrations, and the role of the Tana
ﬂoodplain as a long-term OC sink.
2. Materials and Methods
2.1. Study Area
The Tana is the largest river in Kenya with a length of ~1000 km. The river originates in the central highlands
surrounding Mount Kenya and the Aberdare mountains, (~5800mabove sea level), with the lower Tana
consisting of the section downstream of Kora where the river traverses the landscape for ~700 km through
semiarid plains and ﬁnally drains into the Indian Ocean (Figure 1). The upper Tana catchment has ﬁve
hydroelectric dams with a combined reservoir surface area of 150 km2 [Brown and Schneider, 1996; Maingi
and Marsh, 2002]. The lower Tana has intermittent tributaries (lagas, see Figure 1) draining large catchments
but which only ﬂow in short pulses during the wet season [Maingi and Marsh, 2002].
2.1.1. Climate and Geology
The average annual precipitation varies from ~2200mmyr1 in the upper Tana catchment to ~370mmyr1
for the lower Tana between Kora and Garissa. Further downstream, a gradual increase is observed from
~350mmyr1 at Garissa to ~470mmyr1 at Hola and over 1000mmyr1 at areas downstream of Garsen
Figure 1. Study area showing the location of the Tana River, Kenya, and the Garissa-Garsen section of the Tana River ﬂood-
plains. Three ephemeral streams (lagas) join the main river within this reach. Downstream of Garsen there is a shorter but
more expansive lower section (Tana River Delta) before the river ﬂows into the Indian Ocean at Kipini. The box between
Garissa-Garsen shows the location of the study area where sampling was done.
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[Brown and Schneider, 1996]. Temperatures are on average above 30°C in the region of the lower Tana, with a
mean annual potential evapotranspiration between 1500 and 1700mm [Dagg et al., 1970].
The geology of the upper Tana catchment has been described as a Precambrian basement complex, with
volcanic formations mainly of Tertiary age that originate from Mount Kenya and the Aberdares. These volca-
nic rocks cover almost two thirds of the upper catchment. Downstream of Kora, the Tana is considered to be
an alluvial river and not constricted by outcrops of bedrock; therefore, most of the meandering is determined
by morphological processes [Dwars, Heederik en Verhey, 1986].
2.1.2. Floodplains
The minimal elevation drop downstream of Mbalambala has resulted in the formation of an extensive ﬂood-
plain wherein the river is freely meandering. Overbank ﬂows are common and usually associated with
increased rainfall in the upper catchment but releases of water from the dams may also contribute. The
majority of the ﬂoodplains exists either as fallow forest patches for conservation purposes or agricultural hot-
spots utilized for small scale farming. In areas where the vegetation has been cleared to pave the way for sea-
sonal agriculture, ﬂood waters are used for irrigation and cultivation that is limited to post ﬂooding periods.
Occasionally, biomass from agricultural crops is left in the ﬁelds but mostly used for livestock feeding.
Throughout the remainder of the ﬂoodplain, a characteristic riparian forest fringes the banks of Tana River
which consists of a mosaic of deciduous and evergreen trees rich in endemic species [Medley, 1992;
Hughes, 1988]. The forest width varies and in certain areas may reach up to 3 km, while elsewhere it is
restricted to only a few meters from the river bank. The riverine forest extends over a length of 400 km along
the Tana River from Mbalambala to Kipini and is dependent on ﬂooding and ground water recharge. Within
the ﬂoodplain forest, seasonal litter, and root biomass input contribute signiﬁcantly to the soil OC pool.
2.1.3. Hydrology and Flooding
Two annual precipitation cycles occur in the basin, resulting in a bimodal discharge peak and potential ﬂood-
ing. The ﬁrst annual peak discharge typically occurs between April and June (long rainy season) and a shorter
high ﬂow period occurs during November/December (short rainy season). At Garissa, wet season ﬂows gen-
erally range between 300 and 700m3 s1 while base ﬂow is at a mean of 75m3 s1. Occasionally extreme
ﬂood events with discharges over 1000m3 s1 have been observed, (Water Resources Management
Authority, WRMA-KENYA). During high ﬂows, overbank ﬂows are common leading to ﬂooding and waterlog-
ging of ﬂoodplain areas. The ﬂoods can last more than a month, after which they recede and the ﬂoodplains
gradually dry up. The water table level in the depositional areas varies based on the location of the area rela-
tive to the main river and the time since the last ﬂood event.
2.2. Methods
2.2.1. Field Work
Fieldwork was conducted in October–November 2012, May–July 2013, and February–April 2015. In total, 30
sediment cores were collected during the three campaigns. During the ﬁrst and third campaigns no substan-
tial ﬂooding occurred, while in the second campaign extensive ﬂooding lasting at least 1month in most sec-
tions of the study area was experienced. During this campaign coring was performed immediately after the
recession of ﬂood waters.
During each campaign, coring locations were chosen so that the diversity of depositional environments
within the ﬂoodplain was covered. During the ﬁrst and second campaigns, coring was performed with an
Eijkelkamp sediment core sampler (Model 04.16, Ø40 × 200mm), extendable to 2.2m depth. Sediments were
later pushed from the tubes with an Eijkelkamp hand pusher and sliced at 1 cm intervals, air dried, and stored
in zipped airtight polyethylene bags. The third campaign involved limited coring at a section of previously
sampled areas and involved collection of eight additional cores from selected sites as well as sediment incu-
bation experiments. The incubations were aimed at quantifying CO2 production and were performed in situ
as well as under controlled lab conditions upon return to the home laboratory. For the ﬁeld incubations, a soil
Edelman auger corer was used to extract sediment cores at a predetermined depth and samples were
weighed in the ﬁeld (KERN-KB1200-2 N, accuracy ±0.01 g). Based on the prior estimated OC content, between
20 and 100 g were immediately transferred into 300mL incubation jars equipped with gas sampling valves.
The headspace in the jars was closed immediately and ﬂushed with soda lime to remove excess CO2 back-
ground. Each sample was measured for 7 days with daily incubation of ~8 h and sampling of headspace
gas. Field incubation temperatures could not be standardized, but the area was relatively warm with daily
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temperatures between 28 and 35°C during the time of sampling. For each coring site, an additional core was
extracted using a soil auger and samples for bulk density taken at approximately 10 cm depth intervals using
a Kopecky ring.
In addition to coring, we undertook postevent surveys [Gomez et al., 1995; Walling et al., 1997] during the
second campaign and collected freshly deposited sediment from various sections of the ﬂoodplain (n=30)
to establish the quantity of OC in new deposits. Sampling for fresh sediment involved scraping using a small
spade and measuring their thickness of the fresh deposition as well as using a tape measure to establish the
associated ﬂood height based on surrounding vegetation. The sediments were air dried and stored in zipped
plastic bags for later analysis in the lab. Particulate OC (POC) concentrations are based on daily grab samples
collected from the middle of the river during the long rainy seasons (20 March 2013 to 21 June 2013, Garissa
n= 49, Garsen n= 52) and are also reported in Geeraert et al. [2015a]; 25–100mL of water was ﬁltered on
precombusted (4 h at 450°C) 25mm Whatman GF/F ﬁlters (pore size: 0.7μm). The ﬁlters were air dried in
the ﬁeld and oven dried at 60°C in the lab prior to determining OC concentrations.
2.2.2. Laboratory Analyses
Upon return to the laboratory, bulk density samples were weighed to establish the wet weight and then oven
dried at 105°C for 24 h after which they were reweighed to establish the dry weight. The rest of the samples
were oven dried at 105°C for 24 h and then ground with a pestle. Particle size distribution was determined
using a laser diffraction particle size analyzer (LS13320, Range: 0.02–2000μm).
To quantify OC content, a weighed subsample was transferred into an Ag cup to which 20–100μL 10% HCl
solution was added to remove all carbonates. Samples were then oven dried at 60°C for 24 h. This procedure
was repeated until there was no reaction with HCl. OC, total nitrogen (TN), and the δ13C of OC were deter-
mined with an elemental analyzer—isotope ratio mass spectrometer (Thermo Flash HT/EA and Delta V
Advantage) using the thermal conductivity detector (TCD) signal of the EA to quantify TN, and by monitoring
m/z 44, 45, and 46 on the isotope ratio mass spectrometer. Acetanilide and IAEA-C6 were used to calibrate
the δ13C and concentration data. Reproducibility of δ13C measurements was better than ±0.2‰, while rela-
tive standard deviations of the calibration standards for OC and TN measurements were typically <2% and
always <5% OC:TN ratios are presented on a mass:mass basis.
For the analysis of Δ14C, we selected 12 samples at various depths from one sediment core (Kiluluni III,
E1.835 S40.119). Subsamples were acidiﬁed with 5% HCl to remove carbonates, combusted in an elemental
analyzer, and the resulting CO2 was cryogenically trapped and puriﬁed on a vacuum line. Graphitization of
CO2 and
14C measurements were performed at the Royal Institute for Cultural Heritage (Brussels, Belgium)
using a MICADAS (Mini carbon dating system). Measurement of 14C activity are expressed as percentage
modern C (pmC) employing a δ13C correction for isotope fractionation. The 14C content was converted into
age (years B.P.) with A.D. 1950 being considered 100 pmC and 0 year B.P.
Sedimentation rates were based on Omengo et al. [2016] where radionuclides and a postﬂood survey of fresh
ﬂood deposits was used to quantify ﬂoodplain sedimentation rates. An average 50 year mean sedimentation
rate of 1.21 ± 0.35 g cm2 yr1 based on 137Cs inventories and a 100 year mean of 1.01 ± 0.50 g cm2 yr1
based on 210Pbxs was obtained for the coring sites. Fresh sediment deposits after the 2013 ﬂoods averaged
of 0.58 ± 0.42 g cm2, suggesting that average long-term rates were somewhat higher than the deposition
rates observed in 2013 or that the sample sites may have, on average, higher sedimentation rates than the
ﬂoodplain as a whole.
2.2.3. Mineralization Rates
To determine organic matter (OM) mineralization rates, sediment samples were incubated (i) at ﬁeld condi-
tions (temperatures were between 28–35°C andwithout sample normalization for moisture) for 7 days and (ii)
in the laboratory at ~60% water holding capacity (WHC) and 30°C for 15 days. For the lab incubations, air-
dried samples were placed in air-tight jars and gradually wetted to ~60% WHC by slowly adding deionized
water. In both setups, the lid of the incubation jars was ﬁtted with three-way valves. At the start of each incu-
bation time interval, the jar was ﬂushed for 2min with air at ambient CO2 concentration by allowing the air in
through one valve and evacuating through the other valve. After this, the jar was closed and stored in an
incubation chamber at the speciﬁed temperature for a time period of ~8 h. After each incubation time inter-
val, the headspace concentration was measured by connecting tubes from the valves directly to a LICOR-820
gas analyzer which measured the headspace CO2 concentration at about 60mLmin
1
ﬂow rate.
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The volume of the headspace in each jar was used to calculate the headspace concentration. After all the jars
were sampled, they were opened, and water was added to compensate for any moisture loss. Subsequently,
the jars were closed again, ﬂushed with ambient air to remove the accumulated CO2, and a new time zero
sample was taken to represent the background concentration after which the samples were again stored
in the incubation chamber for ~8 h.
3. Results
3.1. Depth-Integrated OC Patterns
Surface (<10 cm) OC contents under forested ﬂoodplain areas were signiﬁcantly higher than under arable ﬂood-
plain locations (p< 0.01, Mann-Whitney U test). Subsurface (10–50 cm) concentrations and those at greater
depths (>50 cm) showed no relation between OC storage and current land use (p=0.24, Mann-Whitney U test).
Although proﬁles at different locations do show variations in OC, they all show a rapid reduction in OC to ~1% or
below after an average of 60 cm depth (Figures 2a–2e). The δ13C signature on the other hand shows a strong
downcore tendency toward higher values from approximately 28 to 16‰ (Figure 2f) and depending on
the prevailing land use (forested or arable land); the δ13C signature was signiﬁcantly different between landuse
both in surface and subsurface depths (p< 0.001, Mann-Whitney U test), with the forested sites predominated
with lighter signatures. The OC:TN ratio was on average low, with no particular trend with depth (supplemen-
tary information, S3) and there was a signiﬁcant difference in OC:TN with land use for the surface layers
(p< 0.05, Mann-Whitney U test) but not for the subsurface layers (p=0.22, Mann-Whitney U test).
Floodplain sediments from all cores showed a dominance of ﬁne grain sizes with >80% silt and clay in the
upper 100 cm. Most sites had deeper layers similarly characterized bymore than 70% silt and clay throughout
the proﬁles down to depths where river bed sediment was encountered, which consisted of almost pure
sand (Figure 3).
Figure 2. OC depth proﬁles for (a) Gadia, (b) Kiluluni, (c) LB Makere, and (d) Kajitupe. (e, f) The %OC and δ13C depth proﬁle for a combination of 30 sediment cores
collected during this study.
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3.2. Event Based POC Deposition Rates
The %OC in suspended river sediment (POC, Garissa-Garsen) and in fresh sediment deposits sampled after
the 2013 ﬂood event from the ﬂoodplain were relatively low and largely within the same range (Figure 4).
The suspended sediments had an average of 1.58 ± 0.44% OC at Garissa and 1.32 ± 0.24% OC at Garsen, while
within the ﬂoodplain a mean of 1.55 ± 0.40% OC was recorded in the freshly deposited materials. A statistical
analysis showed that freshly deposited sediment %OC did not signiﬁcantly differ from suspended sediment
POC measurements observed at Garissa (p= 0.66, Wilcoxon test) but were signiﬁcantly different from sus-
pended sediment POC measurements at Garsen (p< 0.05, Wilcoxon test). The δ13COC values of fresh sedi-
ment deposit samples averaged 22.4 ± 1.4‰ and did not differ signiﬁcantly from the δ13CPOC from either
Garissa or Garsen (p= 0.076, Mann-Whitney U test) (Figure 4b).
3.3. Floodplain Respiration Rates
Different patterns in OCmineralization rates were observed when depth proﬁle incubations were done under
ﬁeld or lab conditions (Figures 5a–5d and Figures 6a–6d). Under ﬁeld conditions, OC mineralization rates
increased with depth (R2 = 0.37 and p< 0.001), whereas under lab conditions where moisture and tempera-
ture were standardized, a weak decrease was observed in mineralization rates with depth for most of the
proﬁles (R2 = 0.16 and p< 0.01). Moisture limitation seemed to greatly affect the incubations conducted
under ﬁeld conditions with an increase in respiration with increasing soil moisture content (Figure 7a).
The % OC, on the other hand, had a strong inﬂuence on measured mineralization rates for lab incubations
(rspearman = 0.56, p< 0.01) (Figure 7b). The depth-integrated respiration rates over the top 1m of the sedi-
ment proﬁle were 1.22mol Cm2 d1 and 0.76mol Cm2 d1 for the lab and ﬁeld incubations, respectively.
3.4. Radiocarbon Age
A single proﬁle where a deep layer of overbank deposits was present and which was located in an actively
ﬂooding area was selected for 14C analysis. At the surface, C age was near zero (i.e., nearly all C was modern).
Figure 3. Examples of grain size distribution from four sites (a) Gadia, (b) Kiluluni, (c) LB Makere, and (d) Kajitupe. The dom-
inance of clay and silt is evident throughout the majority of the proﬁle.
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The subsurface C pool between 15 and 36 cm depth was relatively young (circa 600 B.P.) (Figure 8). Below this
depth, OC age increased with depth, with ages of 1500–2700 B.P. toward the base of the core. In comparison,
data from riverine suspended sediments also show on average close to modern signatures during the wet
seasons (2008, 2010, and 2013) while more aged OC (up to 900 B.P.) was observed during the dry
season (Figure 9).
Figure 4. OC content of fresh sediment deposits from the ﬂoodplain (FP) and suspended sediment POC concentrations in
Garissa (GSA) and Garsen (GSN) during the 2013 ﬂood event. The center line, box extent, whiskers, and dots denote the
50th percentile, 25th and 75th percentiles, 10th and 90th percentiles, and outliers of estimates, respectively, for each site.
Figure 5. OM mineralization under ﬁeld conditions (circles) and under lab conditions (triangles), for (a) Maroni I, (b)
Mnazini, (c) Maroni II, and (d) Kipendi II. The error bars indicate the standard deviation over 7 days of measurements
(ﬁeld) and 16 days of measurements (lab).
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4. Discussion
4.1. Carbon Input Into the Floodplain
The Tana experiences semiannual ﬂooding cycles that lead to deposition of sediments and OC within its adja-
cent ﬂoodplains. The ﬂuvial sediments deposited contain between 1–3% OC by mass. Assuming a mean OC
content of 1.56± 0.42% OC and ﬂoodplain sedimentation rates of 0.58–1.21 g cm2 yr1, OC deposition rates
Figure 6. OM mineralization measured under ﬁeld conditions (circles) and lab conditions (triangles), for (a) Wenje, (b)
Kiembeni, (c) Ntunene I, and (d) Ntunene II. The error bars indicate the standard deviation over 7 days (ﬁeld) and 16 days
(lab) of measurements.
Figure 7. (a) Measured mineralization rates versus %moisture by mass in the sediments under ﬁeld (circles) and lab (trian-
gle) conditions and (b) measured mineralization rates (per unit total soil mass) versus OC. Field samples had variable
moisture content, while the lab samples were all at ~60% WHC.
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are 0.91–1.89 t ha1 yr1 in the ﬂooded areas. The Tana ﬂoodplain has a total surface area of ~998 km2 but not
all of this is subject to yearly ﬂooding. Based on satellite imagery covering the Garissa-Garsen ﬂoodplain reach
Omengo et al. [2016], as well as a historical discharge data at Garissa, the average annual ﬂooded area is
~168 km2. This implies that a total of 33 Gg OC yr1 is deposited in the ﬂoodplain from overbank ﬂow. This
amount represents a substantial fraction of the annual POC ﬂux at Garissa (estimated at 93–105 Gg OC yr1),
[Tamooh et al., 2014]. However, the amount of ﬂoodplain OC deposition is smaller than the total OC loss
from the river system between Garissa and Tana Primate Reserve as estimated by Tamooh et al. [2014],
(53–68 Gg C yr1), despite the fact that Tana Primate Reserve is located ~80 km upstream of Garsen.
A similar pattern was observed during the detailed monitoring campaign of the 2013 ﬂood event, where a
61-day peak ﬂow resulted in a ﬂux of 4.61 Mt of suspended sediment and 73 Gg of OC at Garissa [Geeraert
et al., 2015b]. This peak ﬂow resulted in
a large ﬂood, covering ~356 km2 of the
Tana ﬂoodplain and mean sedimenta-
tion rate was ~0.58 g cm2, resulting in
the deposition of ~2.06 Mt of sediment
and ~32 Gg of OC. Total losses of sedi-
ment and OC as derived from ﬂux mea-
surements at Garissa and Garsen were
again larger, with a loss of 3.30 Mt of sus-
pended sediment and of 56 Gg of OC.
These observations clearly demonstrate
that processes other than ﬂoodplain
deposition control the amount of OC lost
from or gained by a river system. These
processes include within-river POC
mineralization, within-river POC deposi-
tion, mobilization of POC by lateral ero-
sion of river banks and POC inputs from
the terrestrial environment, e.g., by over-
land ﬂow. Our data suggest that, for the
lower Tana River, the losses of OC exceed
the amount of OC deposition in the
Figure 8. (a) 14C dates (Kiluluni III) and (b) corresponding %OC proﬁle for the same site. The proﬁle shows that 14C dates at
depths below 30 cm are far older than the minimum and maximum sediment age. Sediment ages were estimated from a
linear extrapolation of the sedimentation rates derived from fallout radionuclides 210Pbxs and
137Cs. This potentially
indicates post depositional selective mineralization of younger C and accumulation of aged riverine sediment.
Figure 9. Δ14C values and organic carbon content for Kiluluni III core in
comparison to riverine sediment in the dry and wet seasons of 2008
and 2010 [Bouillon et al., 2009;Marwick et al., 2015] and 2013 (N. Geeraert
et al., unpublished, 2015). The wet season signature is similar to that of OC
found at the subsurface (<50 cm), above the dotted line.
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ﬂoodplain, suggesting that other processes con-
tributing to OC loss, such as within-river minera-
lization and deposition are also important.
Besides the deposition of sediment-derived
POC, the production of terrestrial OC is impor-
tant in the Tana River ﬂoodplain. The higher
amount of % OC in the surface compared to
riverine OC points to a postdepositional enrich-
ment and a signiﬁcant contribution to the OC
pool from terrestrial biomass. This is conﬁrmed
by the low δ13C signatures recorded in the
upper layers of the ﬂood deposits, which are
generally between 28 and 26‰ (e.g.,
Figures 2a–2d and Figure 10), compared to
values observed in riverine POC (22.7
± 0.7‰). The “new” light isotopic signature
results from a contribution of ﬂoodplain vegeta-
tion utilizing the C3 photosynthetic pathway.
This terrestrial production signiﬁcantly increases
the total OC store that is present in the surface
layers of the ﬂoodplain proﬁle, with these top
soils containing on average ~6% of OC.
4.2. Carbon Storage in the Floodplain
While it is clear that autochthonous OC production by ﬂoodplain vegetation signiﬁcantly contributes to OC
storage in the uppermost soil horizons, our data suggest that its contribution to deep OC burial is likely to
be small. A ﬁrst element to be considered is the δ13C signature of the buried C. While the δ13C signatures
in the surface sediments clearly demonstrate the inputs from local C3 vegetation, the δ
13C signatures increase
strongly with depth to reach stable values at depths>60 cm (Figure 2f). An isotopic shift can be the result of
kinetic fractionation duringmineralization, resulting in an increased concentration of δ13C by up to 4‰ in the
residual OC if ~5% of the original C is preserved [Wynn, 2007]. As the δ13C value of the topsoil material is
28‰ to 26‰, such fractionation could result in δ13C of 24 to 22‰ in our case if 5% of the original
OC is retained. However, the 13C-enriched signatures found in deeper sediment layers are even heavier than
22‰ (up to 16‰), while the C content of the subsoil is often higher than 5% of that of the topsoil (e.g.,
Figure 2c). The fact that the δ13C signature in the subsoil increases more strongly than what could be
expected from kinetic fractionation alone can be better explained if the river derived OC, which has a higher
δ13C signature is considered as a separate, more recalcitrant pool, that is dominant in the subsoil. The
observation that δ13C signatures of the OC present in the subsoil are well higher than those of the riverine
OC suggests that while the riverine OC persists longer than the autochthonous OC from ﬂoodplain vegeta-
tion, a signiﬁcant fraction of the river OC is still relatively labile and may be further mineralized following bur-
ial. The latter is also suggested by the continuous marginal decline of total OC content with depth observed
in most proﬁles. Furthermore, the 14C dates show that the OC at depth is relatively old and signiﬁcantly older
than the age of sediment and OC deposition. A distinctly young age and inputs from vegetation can be seen
in the top layers. When the Δ14C ages at depth are compared with deposition ages derived from the deposi-
tion rates based on 137Cs and 210Pbxs, it is immediately clear that the minimum andmaximum sedimentation
ages are much smaller than the Δ14C ages for all data points below ~50 cm (Figure 8). Therefore, the Δ14COC
data offer complementary evidence that only a recalcitrant fraction that is likely derived from riverine OC is
preserved over longer time spans in the river deposits.
Finally, we noticed that soils under agricultural land have a different OC content in the top layers, but not in
the subsoil. This again suggests that the amount of OC that is preserved over longer time spans does not
depend on the amount of autochthonous OC input from ﬂoodplain vegetation. An uncertainty here is that
no information is available about past land use in the area and that areas that are currently used for agricul-
ture were under more natural vegetation in the past.
Figure 10. δ13C values versus %OC for ﬂoodplain sediments
(cores) and riverine POC at Garissa and Garsen. Floodplain
sediments having a high %OC are clearly depleted in 13C in
comparison to riverine sediment because a signiﬁcant fraction of
the OC in these samples is derived from local biomass production.
Floodplain sediments having a low OC content are enriched in
13C in comparison to both riverine sediments and ﬂoodplain
sediments having a high OC content, suggesting that their low
OC content is related to selective mineralization.
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All these patterns suggest that the C3 inputs
from local terrestrial vegetation do not contri-
bute substantially to long-term OC burial. If this
would be the case, one would not expect such
a dramatic shift in 13C signatures from the
topsoil to the subsoil and one would expect
the OC in the subsoil to be relatively recent.
Furthermore, one may then expect that more
OC would be stored in ﬂoodplains under forest,
given that the C inputs to the topsoil are much
higher in forested areas.
4.3. Floodplain OC Mineralization Rates
Our respiration experiments suggest that OC
can be mineralized over the whole soil proﬁle.
This is conﬁrmed by the observation that OC
contents continue to decrease throughout the
proﬁle. The dry conditions leading to moisture
limitation in the surface layers may explain why mineralization can still be relatively important at greater
depths despite the fact that the OC at depth is more recalcitrant. The deeper parts of the soil proﬁle will
remain wet over much longer time spans thereby OC mineralization can continue over longer time spans.
Given that Tana ﬂoodplains are in a warm climatic region, the frequent ﬂooding and drying leads to seasonal
ﬂuctuations in water table depth. We expect mineralization and ﬂoodplain CO2 production pulses to follow
the same pattern and seasonality.
In the lab incubations, surface layers (<10 cm) recorded higher mineralization rates compared to the deeper
sections of the proﬁle (p< 0.01, Wilcoxon), suggesting that OC in top layers may be more labile than OC in
deeper portions of the proﬁle. Overall, the data indicate that a high percentage of the OC that is present in
the surface layers is mineralized in a decadal time scale after burial. Indeed, the OC content of the ﬂoodplain
sediments at depths below 60 cm is greatly reduced in comparison to the surface sediments. Based on the
radionuclide inventories measured at the coring sites, such a depth corresponds to an age of circa 50–60 year
[Omengo et al., 2016]. The OC that remains in the soil at greater depths is more recalcitrant and rather slowly
mineralized, leading to a more limited change in overall stocks below this depth.
Based on our data, we can calculate the overall carbon burial efﬁciency (CBE) by comparing howmuch of the
surface OC is effectively buried assuming that the ﬂoodplain deposition rate is constant over time. The total
OC in the surface layers shows an exponential decrease and a reduction down to 50% of the initial OC con-
tent in circa 50 years. Only a small fraction of the deposited OC, ranging between 5 and 20% of the surface
OC, may be preserved for longer than a century. The variation of CBE over time conﬁrms the hypothesis that
the rate at which deposited OC is mineralized is initially high but decreases with time and that a more or less
constant rate is reached after one century (Figure 11).
The CBE we observed is far lower than that observed by Van Oost et al. [2012] andWang et al. [2014] in loamy
soils in Belgium who found that it took several centuries (250–350 years) to mineralize half of the buried OC.
One of the mechanisms to explain this difference is the average temperatures which are much higher in the
Tana basin in comparison to Belgium and which may accelerate soil organic carbon (SOC) decomposition. On
the other hand it should be noticed that the dry conditions occurring in the Tana basin during a large part of
the year will reduce OC mineralization. The latter is likely to be more important than the temperature effect
for the surface soils that are most prone to drying out between ﬂoods. Indeed, we observed relatively high
SOC contents in the top layer of both forested and agricultural sites. Assuming mineralization rates similar
to those under temperate, moist conditions, unrealistically high OC input rates would be necessary to main-
tain a topsoil SOC content of up to 6% in the surface layers and it may therefore be safely assumed that
annual mineralization rates in the soil surface layer are relatively low. On the other hand it appears that large
fraction of this topsoil SOC is mineralized relatively rapidly after burial. One factor which may explain this is
that SOC contents of the topsoil are relatively high so that part of the OC is not well protected within soil
aggregates [Six et al., 1998]. Another factor that may contribute in this case is the fact that moisture contents
Figure 11. Variation of CBE with time for four sites. A relatively
steep, indication rapid mineralization of surface OC is observed,
the steepness decreases with time to a constant rate. However,
over 70% of the initial OC is lost in less than a century.
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at greater depths are generally higher and conditions are more favorable for microbial activity, so that miner-
alization rates do not decline as fast with depth as they do under temperate conditions where the average
soil moisture gradient within the soil proﬁle will generally be smaller. Thus, both differences in environmental
conditions and in the quality of the OC that is buried may explain why CBE is so low in the Tana ﬂoodplain.
Alternatively, we can take a riverine perspective and quantify the extent to which POC delivered by the Tana
during ﬂooding is stored over longer timescales, assuming as discussed earlier that ﬂoodplain vegetation
inputs do not signiﬁcantly contribute to long-term OC storage. If we assume that the OC in the subsoil is
derived from riverine POC, and that riverine sediments contain on average, ~1.55% OC, burial efﬁciency is
of course much higher (up to 80%) (supporting information Figure S5).
5. Conclusions
The Tana River ﬂoodplains trap substantial amounts of sediment and OC, thereby regulating their transport to
the Indian Ocean. Deposited ﬂuvial sediment is enriched in OC by local inputs from the ﬂoodplain vegetation.
The burial of ﬂoodplain biomass is accelerated by subsequent ﬂood events that deposit additional sediments
which get mixed with the OC-enriched surface layer. However, a lot of the SOC that is buried is mineralized rela-
tively quickly. Over 50% of available (sub) surface OC is decomposed in circa 30–50 years. Only a limited amount
of OC (~10–20% of initial OC on the surface) is preserved over a much longer timescales.
Several of our observations, such as the δ13C signature of the deeply buried OC as well as its 14C age, suggest
that most of the preserved OC consists of riverine OC. However, this riverine OC also undergoes further
mineralization when buried in ﬂoodplain sediments over longer (>50 years) timespans.
The CBE in the tropical ﬂoodplain environment we studied here is much lower than the CBE observed in tem-
perate, humid environments. This difference may be related both to differences in environmental conditions
as well as to differences in the decomposability of the OC that is buried. A better quantiﬁcation of CBE and an
improved understanding of the factors controlling it is therefore clearly one of the ways forward toward a
further reﬁnement of global models that assess the effect of surface processes on the carbon cycle.
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